Introduction: Traffic-related air pollution causes fatty liver, inflammation and fibrosis in animal models, but there have been few studies in humans.
Introduction
Prevalence of paediatric non-alcoholic fatty liver disease (NAFLD) is typically defined as hepatic fat fraction (HFF) greater than 5% (1, 2) . Non-alcoholic fatty liver disease prevalence is currently estimated to be 9.6% in children; however, prevalence in obese children has been reported to be as high as 38%, and it is considered to be the hepatic manifestation of metabolic syndrome (1, 3) . Non-alcoholic fatty liver disease encompasses a spectrum of liver abnormalities ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), a condition which can ultimately lead to cirrhosis, hepatocellular carcinoma and liver failure (1) . The development of NAFLD in adolescence can mean life-long risk to liver health, as NAFLD-related cirrhosis is the secondmost common reason for liver transplantation in adults in the United States (4) . Non-alcoholic fatty liver disease increases the risk for hepatocellular carcinoma, which has been reported to occur in adolescents with non-fibrotic NAFLD (5) .
Efforts to prevent and mitigate NAFLD have largely focused on weight loss and metabolic intervention to change diet and increase physical activity. However, there has been little investigation of other modifiable risk factors that might moderate the development of NAFLD or progression to NASH. Recent studies of children have found that air pollution, especially nearroadway air pollution, was associated with weight gain and obesity (6) (7) (8) (9) , as well as other metabolic abnormalities indicative of metabolic syndrome (10) . In adults, particulate air pollution has been associated with type 2 diabetes (11) . In a mouse model, ambient particulate matter (PM) caused insulin resistance, increased visceral and hepatic fat deposition, and produced a NASH-like phenotype, including hepatic inflammation and ballooning (12) . Although there has been little study of the effects of air pollution on NAFLD or on progression to NASH in humans, one recent study found that hepatic enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST), markers for injury to the liver, were increased in association with estimates of residential ambient PM less than 2.5 μm in aerodynamic diameter (PM 2.5 ) and nitrogen dioxide (NO 2 ), markers for traffic-related air pollution (13) .
This study investigated the relationship between air pollution and liver health in a sample of overweight and obese youth with prospectively characterized markers for NAFLD and NASH risk. We hypothesized that traffic volume on major roads near children's homes and NO 2 would result in increased hepatic fat, increased ALT and AST, and increased cytokeratin-18 (CK-18), a protein byproduct of hepatocyte apoptosis that has been found to be an indicator of NASH risk in a paediatric population (14) . Furthermore, we hypothesized that youth with NAFLD would be more susceptible to the effects of air pollution.
Methods
A secondary analysis was conducted of data from subjects in a prospective study on the pathophysiology of type 2 diabetes at the Yale Paediatric Obesity Clinic (15) . Patients who were taking medications or had medical conditions that could affect lipid metabolism were excluded from study. Only patients with baseline and follow-up measurements two years later on at least one liver outcome were included in the sample. One participant with a post office box address was also excluded, as residential air pollution exposure could not be assigned. Prospectively collected measurements of HFF, transaminases and CK-18 were available for 75, 70 and 53 subjects, respectively. One patient was excluded from analyses because of an outlying CK-18 measurement (larger than three SD from the mean) leading to an analytic sample of 74 for HFF, 69 for the transaminases, and 52 for CK-18. Comparison of the subjects missing CK-18 on follow-up showed no significant differences by age and sex at enrollment. In the group missing CK-18, body mass index (weight in kg/[height in m](2)) zscore (BMIZ), 2.4 (SD = 0.4) and ALT, 29 U/L (SD = 23) were slightly higher than in the analytic sample, BMIZ 2.2 (SD = 0.4) and 22 U/L (SD = 11), respectively.
Hepatic fat was measured using MRI with the 2-point Dixon Technique as modified by Fishbein. (16) ALT and AST were measured using standard automated kinetic enzymatic assays. Cytokeratin-18 was measured using enzyme-based immunosorbent assay (15) .
Residential address at enrollment was geocoded, and traffic volume assignments were made within 1 km of each residential location using automated procedures in ArcGIS (ArcGIS Desktop: Release 10. Environmental Systems Research Institute, 2015. Redlands, CA.) Average daily traffic (ADT) counts were assigned for every 50 m segment of road on a numbered highway and interstate. Residential traffic volume was estimated by summing the product of all 50 m segments within each 1 km buffer by their corresponding ADT (17) .
Residential two-year annual average NO 2 exposure was calculated by averaging daily NO 2 estimates over two years, starting the day of baseline measurement. These estimates were modelled using previously described prediction models (17) . Briefly, between 2006 and 2009 up to four one-month NO 2 measurements (one for each season) were made using Palmes tubes (18) placed outside the back door of 985 homes across Connecticut to estimate an annual average (19) . NO 2 was estimated based on the 1-km residential buffer traffic volumes and 12 categories of land-use (developed, deciduous forest, coniferous forest, turf and grass, other grasses, agricultural field, water, non-forested wetland, forested wetland, tidal wetland, barn, utility rights-ofway), population density from United States Census data, elevation based on United States Geological Survey national maps, and prevailing wind direction.
Statistical analysis
Linear regression was used to model the effect of air pollution exposure on liver outcomes at follow-up. All models were adjusted for age, sex and baseline measurement of each outcome. Models were further Air pollution and CK-18 | 343 assessed for non-linear relationships and effect modification by NAFLD diagnosis at baseline. Models were checked for normality of the distribution of residuals, and outcomes were transformed as appropriate to satisfy model assumption of normality of the residuals. Predicted follow-up CK-18 was calculated by exponentiation of the predicted log-CK-18 estimated by the final non-linear models.
Results
Of 74 patients in the original sample, 47 (63%) were females and 27 (36%) were males. Mean age was 14 years (standard deviation, (SD) =2.7) at enrollment (Table 1) (Table 1) . Twentynine participants (39%) had NAFLD at baseline.
Baseline sample characteristics stratified by baseline NAFLD diagnosis (based on hepatic fat fraction greater than 5%) are shown in Table S1 . Serum concentrations of CK-18 and of markers of liver injury, AST and ALT (in addition to HFF), were greater among children with NAFLD.
Traffic volume on major roads within 1 km of each child's home ranged from 0 to 460 000 vehiclekilometres, and mean traffic volume was 79 000 vehicle-kilometres (SD = 98 000; Table 2 ). Two-year average nitrogen dioxide ranged between 3.5 and 11 ppb. Mean NO 2 was 7.0 ppb (SD = 1.7).
An increase of one interquartile range (IQR) in average NO 2 (1.91 ppb) was associated with 11 U/L greater plasma CK-18 (SE = 5.4; p = 0.04; Table 3 ). An increase of one IQR (110 000 vehiclekilometres) of traffic volume was associated with 15 U/L greater plasma CK-18 (standard error (SE) = 5.2; p < 0.01). Models with quadratic terms for NO 2 and traffic volume required log-transformation of CK-18 to achieve normality in the residuals. Significant quadratic terms for each exposure indicated non-linear effects (Supplemental Tables S2  and S3 ). There was also a significant interaction between NAFLD at baseline with NO 2 (Table S3) but not of NAFLD with traffic volume (Table S2 ). There were no statistically significant associations of AST, ALT or NAFLD with traffic volume or with NO 2 .
Predicted CK-18 by traffic and NO 2 exposures are shown in Figs 1 and 2 , respectively. No effect was observed at lower levels of traffic volume. CK-18 increased from less than 150 U/L to almost 200 U/L over the IQR of 110 000 vehicle-km (from 220 000 vehicle-km to 330 000 vehicle-km of traffic on interstates and major roads within a 1 km residential buffer). For NO 2 , little effect was observed among patients without NAFLD at baseline. However, among patients with NAFLD, there was a marked increase in CK-18 from 140 U/L to over 200 U/L (nearly 1.5 standard deviations of CK-18) as NO 2 increased from 8 to 10 ppb at the upper end of the distribution.
Discussion
Increased CK-18 was associated with NO 2 and with traffic volume on major roads and interstates within 1 km of participants homes in this overweight and obese population of adolescents. In addition, stronger effects were found among participants with NAFLD at study enrollment, and these differences were statistically significant for NO 2 . Cytokeratin-18 is a protein fragment produced by hepatocellular apoptosis (14) . Plasma CK-18 has been reported to be strongly correlated with hepatic fibrosis and has been recommended as a non-invasive marker for NASH risk in paediatric populations such as ours in which liver biopsy is not feasible (14) . Stronger CK-18 association with increasing NO 2 among those with NAFLD suggests that air pollution may have promoted the progression of NAFLD in this population. NO 2 and traffic volume are both commonly used measures of traffic-related air pollution, and in this study relatively large effects were observed at low levels of ambient exposure. For example, average annual NO 2 levels in communities in the Los Angeles Basin commonly exceed 20 ppb (20), compared with a maximum of 11 ppb in this study, and the annual average ambient air quality standard for NO 2 , set in the United States by the Environmental Protection Agency, is 53 ppb (21). It is possible that the traffic and NO 2 exposures were proxies for other pollutants that might have had a larger range, for example PM 2.5 , which we did not estimate. Previous studies of air pollution effects on NAFLD in animal models have been conducted with PM 2.5. (12) These studies found that PM 2.5 exposure caused increased fat deposition in the liver and a NASH-like phenotype including ballooning and fibrosis. These studies also found that PM 2.5 caused other metabolic effects, including insulin resistance and increased visceral fat, suggesting that air pollution causes NAFLD as one manifestation of the metabolic syndrome (11) .
CK-18 is also increased in association with idiopathic pulmonary fibrosis (IPF) (22) . Air pollution has been implicated in acute exacerbations of IPF, but there is little evidence that air pollution causes IPF, which generally does not develop until lateadulthood (23, 24) . In addition, because associations of NO 2 with CK-18 were stronger among children with NALFD, it is more likely that air pollution exposure reflected a hepatic source than IPF, despite not finding an association of air pollution with liver transaminases or hepatic fat.
High levels of ALT and AST can indicate disease or injury, but ALT and AST levels have large variation between individuals, and modest increased levels can have a wide variety of causes (25, 26) . Therefore, subtle effects of air pollution might not have been detected in the small sample size in this study. Additionally, we may not have detected an effect on ALT and AST due to the low exposure levels observed in the study area. One previous study found associations of NO 2 and PM 2.5 with ALT and AST, but mean NO 2 concentration in that study was 36.2 ppb compared to 7.0 ppb in the present study (13) . Air pollution and CK-18 | 345
Although there was no association of NO 2 or traffic volume with NAFLD, the stronger association of NO 2 with CK-18 among children with NAFLD than among those without NAFLD suggests that NAFLD makes the liver vulnerable to the deleterious effects of air pollution. This pattern of association is consistent with the 'multiple hit' hypothesis of the pathophysiology of NASH (27) ; air pollution may contribute to the development of NASH by acting as a second hit to a liver already compromised by NAFLD. If this were the case, then regulatory or other interventions to reduce air pollution exposure could potentially reduce the number and intensity of hits to the liver and the risk of development of NASH. Examination of other pollutants, particularly PM 2.5 , and of other potential confounders, including dietary intake, social or behavioural characteristics, and other factors that may be correlated with traffic-related air pollution, is needed.
A strength of this study was the prospective design which made it possible to adjust for each individual's plasma CK-18 at study entry. However, the design did not account for effects of earlier life exposures. Our findings merit further investigation to determine whether the results are reproducible and to characterize these effects at higher exposure levels.
Evidence from animal models suggests that air pollution affects multiple aspects of metabolism, including adiposity and insulin resistance. Recent epidemiologic studies have found associations of air pollution with metabolic syndrome (10, 11) , for which NAFLD is the hepatic manifestation (28) . This study provides novel results on potential air pollution effects on progression of NAFLD and associated risk of NASH among overweight and obese children.
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